Although macroautophagy, referred to here as autophagy, has an indispensible role in the intracellular degradation of proteins and organelles, there is growing evidence that also implicates this process in protein secretion [1] [2] [3] [4] . This link includes a role for autophagy in regulating unconventional secretion of ACB1 in yeast 5, 6 and interleukin-1β (IL-1β) in mammalian cells 7 . There is also evidence that autophagy regulates conventional secretory pathways. For instance, the constitutive secretion of IL-6 and IL-8 from senescent cells appears to involve the formation of a specialized cellular domain termed the TOR-autophagy spatial coupling compartment. This compartment is directly adjacent to the trans-Golgi network and is enriched for both signaling proteins, such as mTOR, and autophagic vacuoles 8 . In addition, a growing number of studies have suggested a connection between components of the autophagy machinery and the regulated secretion of intracellular lysosomes or granules. For instance, deficiency in specific essential autophagy proteins appears to impair regulated secretion from intestinal Paneth cells 9,10 , bone marrowderived mast cells 11 , pancreatic beta cells 12, 13 , melanocytes 14 , osteoclasts 15 and vestibular epithelial cells 16 .
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Exocytosis from endothelial cells is one of the first lines of defense after vascular injury. Specific secretory granules within the endothelial cell known as WPBs contain numerous biologically active molecules, although VWF is by far the most abundant 17, 18 . Indeed, VWF is required for the formation of WPBs 19, 20 , and heterologous expression of VWF in nonendothelial cells can induce the formation of WPB-like structures 21, 22 . Once secreted, VWF multimers can assemble into long strings that can become tethered to the underlying connective tissue while simultaneously ensnaring circulating platelets. This secretion and subsequent string formation is essential for appropriate hemostasis after injury. Impaired production, processing or secretion of VWF results in the clinical syndrome known as von Willebrand disease, which is the most common inherited bleeding disorder 23 .
The production of WPBs is a complex process involving dimerization and disulfide bond formation in the endoplasmic reticulum followed by furin-dependent cleavage in the Golgi complex 18, 24 . The VWF multimers that form can then be folded, in a pH-sensitive fashion, into tubular structures 25, 26 . Although structural mutations in VWF can lead to defects in multimer formation or tubulation, relatively little is known about what other cellular processes regulate the number, pH and secretory potential of WPBs. Here we demonstrate that autophagy has a critical role in the biology of WPBs and regulates the in vitro and in vivo release of VWF.
RESULTS

Proximity of endothelial WPBs to autophagosomes
Although there is a growing understanding of the molecular and biological role of autophagy, the role of this process within the vasculature is poorly understood. In an effort to better understand how autophagy might contribute to vessel homeostasis, we analyzed electron micrographs of primary human umbilical vein endothelial cells (HUVECs). Both WPBs and autophagosomes have a distinctive 1 2 8 2 VOLUME 19 | NUMBER 10 | OCTOBER 2013 nature medicine appearance by electron microscopy: the former has a classical cigarshaped appearance and the latter is an intracellular organelle often filled with diverse cellular contents surrounded by a unique doublemembrane structure. We noted that within endothelial cells, WPBs and autophagosomes were often found in close proximity to each other. Moreover, we noted multiple instances in which a WPB appeared to be located very close to and actively fusing with an autophagosome (Fig. 1a and Supplementary Fig. 1a) . Examination of the contents of autophagosomes also revealed the presence of what appeared to be wholly or partially intact WPBs that were clearly identifiable by their unique shape and internal striations running parallel to their long axis (Fig. 1b) . To further pursue these observations, we performed immunogold labeling coupled with electron microscopy analysis to assess the distribution of VWF within endothelial cells. These studies revealed that VWF was readily detectable within mature WPBs (Fig. 1c) . We also found VWF within cisternae of the endoplasmic reticulum ( Supplementary Fig. 1b ). In addition, we observed a substantial amount of VWF within mature autophagosomes. This immunogold-labeled VWF signal seemed to represent both free protein as well as what appeared to be wholly or partially intact WPBs ( Fig. 1d and Supplementary Fig. 1c-e) . Analysis of 30 random sections containing several hundred autophagosomes revealed that 17% (48/279) of the autophagosomes had no detectable VWF signal, 42% (117/279) had a moderate amount of VWF (between one and ten immunogold particles) and 41% (114/279) had a robust signal for VWF (more than ten immunogold particles per autophagosome). These electron microscopic observations suggested that autophagosomes and, by extension, autophagy might somehow modulate VWF levels or secretion. Autophagosome formation requires that the cytosolic form of LC3 (LC3-I) be conjugated in an Atg5-and Atg7-dependent fashion to form the lipidated LC3-II species 27 . We therefore analyzed the distribution of VWF and LC3 (also called Atg8) using super-resolution structured illumination microscopy. These images revealed the cigar-shaped WPB morphology and the classical spherical punctae of lipidated LC3-II (Fig. 1e) . Within endothelial cells, superresolution microscopy revealed that the localization of endogenous VWF and LC3 were clearly separable. Nonetheless, a substantial fraction of WPBs were closely associated with a LC3 signal (37/224 WPBs, 16 .5%) and a smaller percentage of WPBs (7/224, 3.1%) appeared to be surrounded by a structure whose appearance was consistent with a LC3-coated autophagosome ( Fig. 1e and Supplementary Video 1) . We came to a similar conclusion in a separate analysis using confocal microscopy, namely that a substantial fraction (~30%) of intracellular LC3 and VWF spots had a centroid-to-centroid distance of less than 1.5 µm (Supplementary Fig. 2a ). This association was significantly (P < 0.01) higher than that predicted by chance alone (Supplementary Fig. 2b ). Using two-color confocal live cell imaging, we were able to capture the apparent direct interaction of an LC3-GFP autophagosome with a VWF-mCherry-positive WPB in real time (Fig. 1f,g ). However, additional dual-color (LC3-mCherry and VWF-GFP) or single-color (LC3-GFP) total internal reflection fluorescence (TIRF) imaging suggested that these interactions were rare and that autophagosomes do not appear to directly fuse with the plasma membrane under normal circumstances (Supplementary Videos 2 and 3).
Autophagy regulates in vitro VWF secretion
To address whether autophagy modulates VWF biology, we performed lentiviral shRNA-mediated knockdown of Atg7 in human endothelial cells (HUVECs). In Atg7-knockdown cells, western blot analysis confirmed a marked reduction in Atg7 expression (Fig. 2a) . Assessment of autophagic flux often relies on simultaneous measurements of the level of expression of the multidomain, signaling adaptor protein SQSTM1 (also called A170 and referred to here as p62) and the ratio of LC3-II to LC3-I amounts. A rise in p62 expression and a fall in LC3-II expression are consistent with impaired autophagic flux 28, 29 . Knockdown of the essential autophagy gene Atg7 had the expected effects on these well-characterized markers of autophagic flux (Fig. 2a) . We then asked whether knockdown of Atg7 altered the stimulated release of VWF. Using an ELISA-based method on the culture medium, we detected an increase in VWF secretion after stimulation with histamine or vascular endothelial growth factor (VEGF) (Fig. 2b) . In contrast, Atg7-knockdown cells had impaired ligand-stimulated release of VWF. We saw similar effects on VWF secretion using an alternative, siRNA-mediated method for knockdown of Atg7 (Supplementary Fig. 3) . We confirmed the reduction in stimulated release of VWF by direct western blot analysis of the endothelial cell supernatant (Fig. 2c,d) .
A recent report has suggested that disruption of autophagy might alter intracellular calcium signaling 30 . Given the central role of calcium in stimulated exocytosis from the endothelium, we wondered whether such a mechanism might explain our observations. However, using a calcium-sensitive fluorometric probe, we did not detect substantial differences in the amounts of ligand-induced calcium transients between control and Atg7-knockdown cells (Fig. 2e) . Similarly, extracellular-regulated kinase (ERK) activation, a proximal signaling event, appeared to be unaffected by Atg7 knockdown (Supplementary Fig. 4) .
We next tested whether other genetic or pharmacological inhibitors of autophagy had similar effects. Knockdown of the essential autophagy gene Atg5 alone or in combination with Atg7 also inhibited VWF release (Fig. 2f,g and Supplementary Fig. 5a ). After histamine stimulation, the combined knockdown of Atg5 and Atg7 appeared to be slightly more effective than single knockdown of either Atg7 or Atg5 in blocking VWF secretion (Fig. 2g) . Incubation of human endothelial cells with chloroquine or bafilomycin, two known inhibitors of autophagic flux, also resulted in a marked inhibition of ligand-stimulated VWF secretion (Fig. 2h) . In contrast, knockdown of Atg5 or Atg7 did not appear to alter ligand-stimulated release of endothelin-1 from endothelial cells (Supplementary Fig. 5b ). In addition, although knockdown of Atg6 (also known as Beclin1) was quite effective in reducing Atg6 expression (Fig. 2i) , it had only a very modest effect on markers of autophagic flux ( Supplementary Fig. 5c ) and no significant effect on VWF secretion (Fig. 2j) .
Autophagy is required for VWF protein maturation
We next sought a better understanding of why knockdown of an essential autophagy gene such as Atg7 might inhibit the secretion of VWF. After synthesis, VWF undergoes a series of processing events in the endoplasmic reticulum and Golgi that eventually lead to maturation of the protein and incorporation into WPBs 31 . Using a quantitative ELISA-based method, we found that the total intracellular concentration of VWF protein was not significantly different between control and Atg7-knockdown endothelial cells (Fig. 3a) . We observed similar results after knockdown of Atg5 alone or combined knockdown of both Atg5 and Atg7 (Supplementary Fig. 6a ). We next analyzed whether differences might exist in the processing, maturation or secretion of VWF. The processing of VWF involves a furin-dependent proteolytic cleavage within the trans-Golgi network; the pro-VWF precursor can be distinguished from mature VWF by their differing electrophoretic mobilities 32 . The steady-state ratio of pro-VWF to mature VWF was significantly altered in cells with knockdown of either Atg7 or Atg5 (Fig. 3b,c and Supplementary  Fig. 6b ). Consistent with a defect in VWF processing, we also noted a reduction in the number of mature WPBs in Atg7-knockdown cells (Fig. 3d) . We saw a similar reduction in the number of WPBs in endothelial cells either with Atg5 knockdown or after pharmacological inhibition of autophagy using chloroquine or bafilomycin Fig. 7a,b) . In contrast, knockdown of Atg6 did not alter the number of mature WPBs (Supplementary Fig. 7c ). These results suggest that knockdown of either Atg5 or Atg7 does not alter overall VWF expression but inhibits the processing and maturation of VWF into mature WPBs. WPB formation is believed to occur at the trans-Golgi network 33 , and autophagy is known to be critical for the homeostatic maintenance of both the endoplasmic reticulum and Golgi 34 . Furthermore, the pH of WPBs is known to be acidic, and this low pH is essential for both the normal shape of WPBs and VWF tubulation and function 26, 35, 36 . Using previously described methods 35 , we established that WPBs within Atg7-knockdown cells exhibited a higher pH than did WPBs in control cells (Fig. 4a and Supplementary Fig. 8 ). Consistent with previous results 26 , when assessed by confocal microscopy, this higher pH in the WPBs of Atg7-knockdown cells resulted in WPBs that were rounder and less rod-like in appearance (Fig. 4b,c) . Accordingly, WPBs in Atg7-knockdown cells were significantly shorter than in control cells (Fig. 4d) . We made similar observations using electron microscopy, where we observed that knockdown of Atg7 resulted in WPBs that were shorter and rounder and had less distinct tubulation (Fig. 4e) .
To further assess whether, in addition to a processing defect, there was also an effect of Atg7 knockdown on the secretion of mature WPBs, we employed a previously described system for live-cell imaging of the secretion of a VWF-GFP chimeric fusion protein 37 . Expression of this fusion protein results in the assembly of fluorescently labeled WPBs (Supplementary Fig. 9a) . Consistent with the alterations in VWF processing described above, the number of GFP-positive WPBs was reduced in cells with knockdown of Atg7 (Supplementary Fig. 9b) , and the WPBs that formed had an altered, more rounded morphology (Supplementary Videos 4 and 5) . Using this system in conjunction with TIRF microscopy, we monitored individual secretion events of GFP-positive WPBs that were localized near the plasma membrane ( Fig. 4f and Supplementary Videos 4 and 5) . This assay showed that knockdown of Atg7 resulted in reduced WPB secretion after histamine stimulation (Fig. 4g) .
Autophagy regulates in vivo VWF release
To extend these observations to an in vivo situation, we conditionally deleted Atg7 within endothelial cells by crossing mice harboring floxed Atg7 alleles with transgenic mice expressing Cre recombinase under the transcriptional control of VE-cadherin gene regulatory elements 38 . Mice of the genotype Atg7 flox/+ ; VE-cadherin Cre, were crossed to each other to generate offspring that were either Atg7 flox/flox ; VE-cadherin Cre (hereafter referred to as Atg7 endo mice) or Atg7 +/+ ; VE-cadherin Cre (hereafter referred to as control mice). Given the relatively small contribution of endothelial cells to overall organ mass, we did not observe a substantial reduction in Atg7 expression in tissues or organs isolated from Atg7 endo mice ( Supplementary  Fig. 10 ). In contrast, primary cultures of mouse endothelial cells isolated from Atg7 endo mice exhibited the expected reduction in Atg7 expression (Fig. 5a) . The residual expression of Atg7 in these cells may represent incomplete gene deletion using the VE-cadherin Cre construct and/or some degree of contamination of nonendothelial cells in these primary cultures. Nonetheless, this reduction in Atg7 expression was sufficient to induce a reduction in autophagic flux, as evidenced by measurements of p62 amounts and the ratio of LC3-I to LC3-II (Fig. 5a) . Conditional deletion of endothelial Atg7 did not alter VWF expression (Supplementary Fig. 11a ). However, similar to the results of Atg7 knockdown in human endothelial cells, the number of mature WPBs in endothelial cells derived from Atg7 endo mice was reduced (Fig. 5b) . Whereas conditional deletion of essential autophagy genes in tissues such as the brain leads to marked alterations in tissue homeostasis and early mortality 39, 40 , Atg7 endo mice exhibited no obvious vascular phenotypes. Similarly, Atg7 endo mice exhibited no increase in mortality over the first year of life (data not shown). Assessment of vascular density demonstrated that Atg7 endo mice were indistinguishable from control animals (Fig. 5c) . In addition, although autophagy has been implicated in angiogenesis 41, 42 , we saw no abnormalities in postnatal retinal angiogenesis in Atg7 endo mice (Fig. 5d) . Furthermore, the appearance of the endothelium and underlying architecture of large vessels were similar in Atg7 endo and control mice (Fig. 5e) . We also observed no reduction in the level of VWF expression in Atg7 endo mice as determined by either immunohistochemical (Fig. 5e) or western blot analysis (Supplementary Fig. 11b) .
We next asked whether Atg7 endo mice exhibit defects in VWF secretion. In control mice, injection of epinephrine led to a significant rise in plasma VWF levels ( Fig. 6a; fold increase of 1.5 ± 0.04 (mean ± s.d.), n = 27 mice, P < 0.001 comparing before and after injection). This increase in VWF levels in response to subcutaneous epinephrine injection was similar in magnitude to that in a previous report 43 . In contrast, Atg7 endo mice failed to significantly respond to epinephrine challenge ( Fig. 6a; fold increase of 1.17 ± 0.05, n = 13 mice). This lack of stimulated epinephrine release was also evident in mice in which Atg5 had been conditionally deleted using VE-cadherin Cre. Similarly to Atg7 endo mice, Atg5 endo mice also failed to significantly respond to epinephrine ( Fig. 6a; fold increase of 1.13 ± 0.07, n = 9 mice). Neither Atg5 endo nor Atg7 endo mice had a significant reduction in basal VWF levels (Fig. 6a) . Similarly, basal levels of circulating P-selectin were not altered between control and Atg7 endo mice ( Supplementary  Fig. 12 ). To further assess the role of autophagy in regulating basal VWF levels, we analyzed mice with complete, whole-body knockout of Atg7. Previous studies have demonstrated that these global Atg7-knockout mice rarely survive for more than 48 h after birth 44, 45 . In Atg7 −/− mice shortly after birth, we noted a reduction in plasma VWF levels when compared to wild-type littermates (Fig. 6b) , a finding that was perhaps reflective of more complete knockout in this model than can be achieved using conditional approaches.
We next sought to further characterize the physiological importance of Atg7 in VWF processing in vivo. Consistent with the observed in vitro deficit in VWF processing, we noted that on nonreducing npg gels, plasma VWF from Atg7 endo mice contained diminished levels of biologically active, higher-molecular weight multimers (Fig. 6c) . Consistent with this reduction in the levels of high-molecular weight VWF, as well as with the decrease in stimulated VWF release (Fig. 6a) , we noted a significant increase in the bleeding time of Atg7 endo mice compared to control mice (Fig. 6d) . Such differences occurred in the absence of any measurable differences in various hemostatic parameters (Supplementary Fig. 13 ). Furthermore, we did not see any obvious abnormalities in platelet morphology or platelet VWF levels that could have potentially contributed to the observed alterations in bleeding time (Supplementary Fig. 14) .
Given that one of the many effects of chloroquine is inhibition of autophagy, and because this agent is approved for human use, we randomized mice to receive saline (vehicle) or daily chloroquine injections. After 9 d of treatment, basal plasma VWF levels in chloroquine-and vehicle-treated mice were similar ( Supplementary  Fig. 15a) . Nonetheless, direct assessment of hemostasis revealed that similarly to Atg7 endo mice, pharmacological inhibition of autophagic flux resulted in a significant prolongation of bleeding time ( Fig. 6e and Supplementary Fig. 15b ).
DISCUSSION
Our data suggest that knockdown or deletion of either Atg5 or Atg7 results in the impaired in vitro-and in vivo-stimulated secretion of VWF. Notably, we and others have previously demonstrated that conditional deletion of Atg7 within pancreatic beta cells leads to impaired secretion of insulin 12, 13, 46 . Similarly, impaired granular exocytosis has been observed after disruption of autophagy within mast cells 11 , intestinal Paneth cells 9 and osteoclasts 15 . Our current results, in conjunction with these previous observations, suggest that in addition to its known role in intracellular recycling, autophagy has a fundamental role in the regulated secretion that occurs in certain specialized cell types.
It is currently unclear precisely how autophagy regulates granule secretion in mast cells, Paneth cells and osteoclasts 9, 11, 15 . Our data show that autophagosomes and WPBs can directly interact and that VWF protein and WPB remnants are found within autophagosomes. Recent evidence suggests that under certain conditions (for example, starvation), autophagic vacuoles can be directly secreted by endothelial cells 47, 48 . Proteomic analysis of these secreted endothelial autophagic vacuoles revealed that they contain VWF 48 , consistent with our microscopy observations. Although our data suggest an interaction between autophagosomes and WPBs, this interaction is relatively rare when assessed by electron microscopy, super-resolution microscopy or dual-color TIRF imaging. One possible explanation for this is that the observed interaction is a mechanism to remove damaged or dysfunctional WPBs, similarly to how mitophagy is thought to remove damaged mitochondria. How autophagosomes could distinguish a normal from a damaged WPB is unclear. Similarly, the basis of mitophagic selectivity also remains unresolved.
Our observation that chloroquine administration increases the bleeding time of mice may have important therapeutic implications. This agent has many effects on cells, including suppression of the acidification of late endosomes, multivesicular bodies and lysosomes. Chloroquine is given widely for the treatment and prevention of malaria, as well as for the treatment of certain classes of autoimmune diseases. Interestingly, one known side effect of the drug is an increased risk for bleeding, and the longer-acting derivative hydroxychloroquine has been shown to be effective in humans as a prophylactic agent for thromboembolic complications after surgery 49 .
The mechanism for this protective effect of hydroxychloroquine is not well understood. Our data support the notion that targeted pharmacological inhibition of the autophagic pathway can modulate VWF secretion and provide a new approach for reducing thrombus formation.
METHODS
Methods and any associated references are available in the online version of the paper. 
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